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Abstract. We present initial results from a new 440-ks Chandra HETG GTO 
observation of the canonical Seyfert 2 galaxy NGC 1068. The proximity of NGC 
1068, together with Chandra's superb spatial and spectral resolution, allow an 
unprecedented view of its nucleus and circumnuclear NLR. We perform the first 
spatially resolved high-resolution X-ray spectroscopy of the 'ionization cone' in 
any AGN, and use the sensitive line diagnostics offered by the HETG to measure 
the ionization state, density, and temperature at discrete points along the ionized 
NLR. We argue that the NLR takes the form of outflowing photoionized gas, 
rather than gas that has been coUisionally ionized by the small-scale radio jet in 
NGC 1068. We investigate evidence for any velocity gradients in the outflow, and 
describe our next steps in modeling the spatially resolved spectra as a function 
of distance from the nucleus. 



1. Overview: The Role of AGN Outflows in Galaxy Evolution 

Outflows and feedback from AGN are widely invoked as the key mediator be- 
tween the co-evolution of black holes and their host galaxies over cosmic time. 
It is now well understood from large optical surveys that galaxies evolve through 
mergers from blue, star-forming spirals (the 'blue cloud') whose black holes ac- 
crete at or near their Eddington limits, through a transition region (the 'green 
valley'), to so-called 'red and dead' ellipticals (the 'red sequence'), which instead 
are described by markedly less black-hole growth. The importance of outflows 
in this evolution has now taken center stage; yet before we can successfully in- 
corporate AGN feedback into numerical simulations of galaxy growth, a number 
of key questions need to be answered from observations: 

• Can AGN actually deliver enough power to their environments to alter the 
evolution of their host galaxies in a meaningful way? 
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• On what spatial scales does this occur? 

• Where are the outflows in the first place? 

Several steps have recently been taken to address these issues. It is now ap- 
parent from multiwavelength surveys that AGN selected in different wavelengths 
tend to p opulate differ e nt re gions of the galaxy color-magnitude diagram. For 
example, iHickox et al. ( 20091 ) showed that IR-selected AGN are characterized 



by high Eddington ratios and tend to inhabit the 'blue cloud'; X-ray AGN have 
intermediate-to-high ratios and lie in the 'green valley'; and radio AGN have 
low Eddington fractions and populate the 'red sequence'. The relative paucity 
of galaxies in the 'green valley', together with the prevalence of X-ray AGN in 
this region suggest that the kpc-scale, ionized Narrow-Line Regions (NLR) in 
such AGN are ideal places to search for outflows, together with their kinematic 
and ionizing effect on their galaxy-scale environments. 



2. X-Ray Observations of Outflows in AGN: Introducing NGC 1068 

Observations of Type 1 Seyfert galaxies with the high-resolution X-ray gratings 
instruments on board Chandra and XMM-Newton have yielded strong evidence 
for outflows seen in absorption against t he nuclear continuum, with velocities 
of hu ndreds to thousands of km s~^ (e.g., iReeves et al.ll2009l : ISteenbrugge et aF 



20091 ). However, owing to the face-on orientation of these systems with respect 



to the observer, there is little information on the spatial extent of these outflows. 
Type 2 Seyfert galaxies, on the other hand, which have edge-on inclinations, do 
not suffer from this orientation issue; yet since only a small percentage of the 
nuclear flux is scattered into the line of sight by a medium external to the AGN, 
the signal-to-noise of any outflow seen this time in emission tends to be poor 
and is dominated by the nucleus, rather than the off- nuclear gas. 

There is one AGN, the prototypical Seyfert 2 galaxy NGC 1068, that is 
sufficiently near (2=0.003793; 1"=80 pc) and bright that we can, in princi- 
ple, perform spatially resolved, high-resolution gratings spectroscopy of both the 
nucleus and any off-nuclear gas. NGC 1068 ha s a lO*" Mr.-, bla ck hole that is 
accreting at or close to its Eddington limit (e.g., Kishimotol 1 1 999l ) . making it an 



excellent source to examine the role of AGN outflows on galaxy-scale gas on a 
gal axy in the 'green valley'. N GC 1068 also shows evidence of a kpc-scale radio 
jet ( van der Hulst et al. 19821 ). meaning that we can investigate the competing 



roles of collisional ionization from the radio ejecta and photoionization from the 
AGN radiation field. We can also compare these effects between Sey fert galaxies 



and r adio-loud AGN, su ch as the well-studied radio galaxy 3C 33 (jKraft et al, 
20071 : iTorresi et al1l2009l ). 



We have recently obtained a 440-ks Chandra HETG GTO observation of 
NGC 1068 (PI Canizares), and present our initial results here. In particular, we 
use: 

1. Multiwavelength imaging of kpc-scale circumnuclear gas; and 



2. High-resolution Chandra HETG spectroscopy 



Searching for AGN Outflows in NGC 1068 



3 




Figure 1. (left): HETG zero-order image of NGC 1068. Shown are events 
in the 0.5-0.75 keV (red), 0.75-1.5 keV (green), and 1.5-7 keV (blue) energy 
bands, (right): Multiwavelength composite of NGC 1068, in 0.75-1.5 keV 
X-rays (red), HST [O ill] (green), and VLA radio (blue) bands. 



to study the NLR in NGC 1068, and in doing so determine the physical condi- 
tions and kinematics of any AGN-induced outflow. 

3. Multiwavelength Imaging of NGC 1068 

In Figure 1, we show a tri-color X-ray image of NGC 1068 (left), together with 
a multiwavelength (X-ray, [O ill] and radio) overlay (right). It is clear from the 
left panel that the hard X-ray emission tends to principally be concentrated in 
the nucleus itself, though there is evidence that it extends ~1 kpc from the AGN 
in a biconical distribution. The soft X-rays are much more spatially elongated, 
and extend several kpc from the nucleus in either direction. The multiwave- 
length image (right panel) demonstrates the complex morphology between the 
X-ray and [O iii] NLR, and the kpc-scale radio jet. Although there is evidence 
for jet-gas interactions, it is evident that the soft X-ray emission and [O III] lie 
several kpc beyond the radio ejecta, which suggests that shock-heating of gas by 
the jet does not dominate the energetics of the source. However, it is only by 
performing high-resolution spectroscopy that we can distinguish between colli- 
sional ionization from the jet and photoionization from the AGN radiation field, 
and test if the extended X-ray gas is ambient, or instead takes the form of an 
outflow. 

4. HETG Spectroscopy of NGC 1068 

In Figure 2 we show the co-added Chandra MEG and HEG spectrum of the 
nucleus of NGC 1068 from the entire 440-ks observation. We plot the princi- 
pal transitions of H- and He-like species, together with radiative recombination 
continuua (RRCs). Many of these transitions have already been identified by 



4 



Evans et al. 



Counts s"' A"' Counts s"' A"' Counts s"' A"' 

2x|0-3 4x|0-3 5x|0-3 0.01 0.01 0.02 




Figure 2. Co- added Chandra HETG MEG and HEG gratings spectrum of 
NGC 1068 from the entire 440-ks data set. Shown are the principal transitions 
from H- and He-like species, together with RRCs. 
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Figure 3. (left): Energy level diagram for a two-electron (He- like ion), show- 
ing the radiative decays from the n ~ 2 to n = 1 level that form the resonance 
(red), intercombination (blue), and forbidden (green) transitions. The wave- 
lengths apply to the case of O vii. {right): The O vii triplet observed in 
NGC 1068. Also plotted are the observer's frame wavelengths of the reso- 
nance, intercombination, and forbidden lines. The observed blueshifts from 
these wavelengths indicate that the gas is outflowing. 



Kinkhabwala et alJ (|2002l 'l and lOde etaP (|2003l 1. In Figure 3, we show an en- 



ergy level diagram for a two-electron (He- like ion), showing the radiative decays 
from the n = 2 to n = 1 level that form the resonance (red), intercombination 
(blue), and forbidden (green) transitions (left panel). The wavelengths apply 
to the case of O vii. In the right panel, we show the O vii triplet observed 
in NGC 1068. Also plotted are the observer's frame wavelengths of the res- 
onance, intercombination, and forbidden lines. The observed blueshifts from 
these wavelengths indicate that the gas is outflowing, with velocities of several 
hundred km s~^. The detection of narrow RRCs and the ratios of the reso- 
nance, intercombination, and forbidden lines strongly suggest that the gas is 
photoionized by the AGN radiation field and takes the form of an outflow. 



5. Next Steps: Spatially Resolved HETG Spectroscopy 

In Figure 4, we show the an video of the Chandra HETG spectrum of NGC 1068 
between -1 and -|-1 kpc, in 1" (80 pc) steps. There is sufficient signal-to-noise 
to enable us to perform detailed photoionization modeling of the off-nuclear 
gas along this ionization cone. Our preliminary work indicates that outflows 
of several hundred km s~^ are detected out to 1 kpc from the AGN. From our 
ongoing photoionization modeling, we will be able to calculate the mass outflow 
rate and power deposited by the photoionized outflow into the galaxy-scale gas, 
providing key constraints need to answer the long standing question about the 
role of AGN outflows on galaxy evolution. 
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Figure 4. Video of the Chandra HETG sp ectrum of NGC 1068 , ranging 
between -1 and +1 kpc in steps of 1" (80 pc). I Click here to launchi 



References 

Hickox, R. C, et al. 2009, ApJ, 696, 891 

Kinkhabwala, A., et al. 2002, ApJ, 575, 732 

Kishimoto, M. 1999, Advances in Space Research, 23, 899 

Kraft, R. P., Birkinshaw, M., Hardcastle, M. J., Evans, D. A., Croston, J. H., Worrall, 

D. M., & Murray, S. S. 2007, ApJ, 659, 1008 
Ogle, P. M., Brookings, T., Canizares, C. R., Lee, J. C, & Marshall, H. L. 2003 A&A, 

402, 849 

Reeves, J. N., Sambruna, R. M., Braito, V., & Eracleous, M. 2009, ApJ, 702, L187 
Steenbrugge, K. C, Fenovcik, M., Kaastra, J. S., Costantini, E., & Verbunt, F. 2009, 
A&A, 496, 107 

Torresi, E., Grandi, P., Guainazzi, M., Palumbo, G. G. C., Ponti, G., & Bianchi, S. 

2009, A&A, 498, 61 
van der Hulst, J. M., Hummel, E., & Dickey, J. M. 1982, ApJ, 261, L59 



